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Background. The Hedgehog (Hh) gene family is known to regulate development of stem cells. In 
addition, activation is responsible for the induction of GUI proto-oncogene and subsequent cellular 
proliferation. Sonic Hedgehog (SHh), one of the Hh family members promotes carcinogenesis in airway 
and pancreatic epithelia, is expressed in colonic stem cells. As differentiated colonic cells arise from 
constant renewal of Hedgehog-expressing colonic stem cells, SHh could be involved in human colonic 
carcinogenesis. 

Methods. Tissue samples of colorectal adenocarcinoma (T) and adjacent normal colon tissue (NT) 
were sampled from each of 44 consecutive patients with colorectal cancer. Specific transcription of SHh, 
GUI, and the GUI downstream target FOXM1 were evaluated using semiquantitative reverse 
transcriptase polymerase chain reaction. Similar in vitro measurements of mRNA of GUI and 
FOXNLl transcription levels after specific induction by SHh-Np were performed in the HT-29 colorectal 
tumor cell line to confirm the in vivo results. 

Results. SHh mRNA was overexpressed in colorectal adenocarcinomas in 38 of 44 (86%) patients. 
Expression of transcription levels of GUI and FOXM1 correlated with SHh expression (SHh vs GUI, 
r = 0. 77, P < .0001; GUI vs F0XM1, r=0.68,P< .0001; SHh vs F0XM1, r = 0. 79, P < 
.0001). SHh overexpression did not appear to correlate with the patient characteristics evaluated. 
Similarly, when studied in the HT-29 colorectal cell line, exogenous SHh promoted cell proliferation, 
while inhibition of SHh expression decreased proliferation. Expression of GUI and FOXM1 mRNA 
increased with exogenous exposure to SHh. 

Conclusions: We demonstrated increased expression of SHh mRNA in human colonic adenocarcinomas 
and in a colorectal cell line with downstream increased expression of GUI and F0XM1 mRNA 
known to promote cell proliferation. This upregulation within human colorectal adenocarcinoma tissue 
confirms the potential role of the Hh pathway in colorectal carcinogenesis and suggests a potential 
therapeutic target of Hh blockade in colorectal cancer. (Surgery 2006;139:665-70.) 
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The majority of adult neoplasms arise in tissues 
such as skin and intestine where somatic stem cells 
persist to allow constant renewal and maintain tis- 
sue integrity. This renewal must be maintained be- 
yond embryogenesis. In neoplastic cells, these 
mechanisms are overridden to generate a state of 
uncontrolled proliferation. 

Members of the Hedgehog (Hh) gene family 
encode a class of secreted proteins well conserved 
from invertebrates to mammals that act as an inter- 
cellular signals and regulate a large variety of em- 
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bryonic developmental events; in addition, this 
gene family is involved in the maintenance of many 
adult tissues and organs, including skin, lung, 
brain, bone, and blood. 1,2 At the cell surface, Hh 
signaling activates a receptor complex formed by 
both patched (PTCH) and smoothened (SMO) 
transmembrane proteins. By inhibiting SMO in the 
absence of Hh ligands, PTCH silences the Hh path- 
way. Inhibition of PTCH by Hh then activates the 
multifunctional GLI transcription factors. SHh-de- 
pendent GLI synthesis induces downstream activa- 
tion of Hh targets such as FOXM1 protein synthe- 
sis. 3 The GLI protein subclass of Kruppel-like zinc 
finger proteins consists of 3 members, among 
which GLI1 has been shown to function as a proto- 
oncogene. Aberrant expression and amplification 
of GUI is associated with basal cell carcinomas, 
sarcomas, medulloblastomas, and glioblastomas. 3 
FOXM1 belongs to the large family of Winged- 
helix/Forkhead Box (FOX) transcription factors 
that play an important role in regulating expres- 
sion of genes involved in tissue proliferation. 4 
FOXM1 may play a role in cell proliferation be- 
cause its overexpression is associated with acceler- 
ated entry into S-phase and mitosis. 3 

Colonic stem cells, which reside near the bottom 
of the crypts of the colon, appear to divide contin- 
ually in an asymmetric fashion. The asymmetric 
division of a stem cell gives rise to one daughter cell 
that retains the self-renewal properties of her pa- 
rental stem cell and to a second daughter cell 
committed to differentiation and eventual cell 
death, which will either differentiate (into Goblet 
or Paneth cells) or migrate toward the intestinal 
lumen. 5 However, if as a result of somatic alter- 
ations, normal asymmetric division is dysregulated, 
stem cells may generate 2 daughter cells with stem 
cell features that may accumulate and form a neo- 
plasm such as polyp. 6 Among the 3 members of the 
mammalian hedgehog family, only Sonic hedge- 
hog (SHh) and Indian hedgehog are coexpressed 
along the gastrointestinal tract in stomach epithe- 
lium, at the base of the villi in the small intestine, 
and in the crypts of the colon. 7 - 8 Nevertheless, 
studies on SHh dysregulation in human colorectal 
cancer and its paired colorectal normal tissue have 
not been reported before. 

Prompted by the evidence of the ability of Hh 
signaling to promote tumor growth 9 as well as the 
recendy reported implication of SHh in regenera- 
tion and carcinogenesis of the airway epithelium, 10 
we investigated the potential role of SHh in human 
colonic carcinogenesis in vivo using adenocarcino- 
mas from colorectal cancer patients and in vitro 
using the colorectal HT-29 cell line. 



Table. Clinical features of the 44 colorectal 
cancer patients 



Patients Population 







Age (mean ± SD) 


69 ± 13 


Tumor location* 




Right 


12 


Left 


4 


Sigmoid 


12 


Rectum 


16 


UICC tumor staging 




Stage H 


20 


Stage IH 


12 


Stage IV 


12 


Tumor size (cm, mean ± SD) 


4.1 ± 2.0 


SD, Standard deviation; UICC, International Union Against Cancer. 
♦Primary neoplasms that developed within the sigmoidorectal junction 
and the left third of the transverse colon were considered rectal and left 
colon cancers, respectively. 



PATIENTS AND METHODS 

The study population consisted of 44 consecu- 
tive patients with colorectal cancer admitted for 
elective colorectal operations (Table). Preopera- 
tive evaluation included a chest radiograph, ab- 
dominal ultrasonography, and colonoscopy. All 
cancer patients were operated on and the primary 
neoplasm resected. Adenocarcinomas were staged 
according to pTNM/International Union Against 
Cancer (UICC) classification. None of the patients 
received neoadjuvant chemotherapy before opera- 
tion. After surgical resection, tissue samples of co- 
lon tumor (T) and adjacent normal colon tissue 
(NT) were sampled from each patient and frozen 
immediately in liquid nitrogen. None of the pa- 
tients had an identified genetic predisposition for 
colon cancer such as familial adenomatous polyp- 
osis or hereditary nonpolyposis colorectal cancer. 

To further confirm clinical data, the HT-29 colo- 
rectal tumor cell line was evaluated because HT-29 
cells display autocrine Hh signaling and express 
PTCH and SMO Hh receptors and have fully func- 
tional downstream Hh signaling. 8 " 14 Two different 
conditions were tested on cell lines: (1) exogenous 
SHh effect was evaluated using exogenous recom- 
binant SHh aminoterminal peptide SHh-Np alone 
(R&D systems Europe, Lille, France) or in combi- 
nation with a goat polyclonal anti-SHh antibody 
(N19, Santa Cruz Biotechnology, Santa Cruz, 
Calif) , (2) the effect of cyclopamine, an inhibitor of 
cholesterol synthesis known to inhibit correct SHh 
signaling 11 (Toronto Research Chemicals Inc, To- 
ronto, Canada). After culturing HT-29 cells for 24 
hours to 72 hours in 1% fetal calf serum in the 
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Fig 1. Hh patiiway expression in patient tissues. A, Paired quantification of neoplastic (SHhT) and non-neoplastic (SHh 
NT) SHh transcripts. B, Median values of patient neoplastic {SHhT) and non-neoplastic (SHh NT) SHh transcript (***P 
< .0001). C, Neoplasm SHh transcripts and downstr eam GLI1 mRNA production correlate. D, GLI activation correlates 
with downstream FOXNI1 production. 



presence or absence of SHh pathway activators/ 
inhibitors, of tire SHh pathway cell proliferation 
was measured by determining in triplicate the via- 
ble cell mass with optical density measurements at 
490 nM using CellTiter96 colorimetric assay (Pro- 
mega France, Charbonniere, France). 

To ensure that colonic tissues really contained 
neoplastic cells, frozen tissues were stained initially 
with H&E and further examined by a pathologist. 
Then, only samples that had more than 80% of 
neoplastic tissue were selected in die so-called T 
group. Thus, total RNA was extracted from 30-/u,m 
sections from non-neoplastic and neoplastic tissues, 
and extracts from HT-29 cells via the acid-phenol- 
guanidinium mediod and reverse transcribed using 
Superscript II reverse transcriptase and random 
hexamers as templates. Specific transcripts for SHh, 
GUI, and FOXM1 were quantified using semiquanti- 
tative reverse transcriptase polymerase chain reaction 
(RT-PCR) on a PerkinElmer (Wellesley, Mass) 
ABI7700 apparatus. Specific primers designed with 
PC-RARE software (Eurogentec, Seraing, Belgium) 
were used (GLI1-F, ttccaatgagaagccgtatg; GLI1-R, 



gggacacagtggtaccggtg; FOXM1-F, acatccagtggcttc- 
gaaag; FOXM1-R, ggcggagctctggattcggt; SHh-F, ca- 
gaaactccgagcgattta; SHh-R, actgcgcggccctcgtagtg), 
and real-time amplification using standard protocols 
(2 steps: 30" 94°C denaturation, 30" annealing/ex- 
tension at 60°C) was followed using SYBR-Green flu- 
orescence emission. This process was validated ini- 
tially by sequencing purified amplimers and then 
blasting against annotated public databases. Each 
value corresponds to a relative expression level for 
the con-esponding transcripts designed, according to 
Bieche et al 12 as follows: (1) Each sample was nor- 
malized on the basis of the expression of the house- 
keeping gene cyclophilin A 13 ; (2) the relative level of 
target gene expression was then normalized to a cal- 
ibrator consisting of a normal colon tissue sample 
that contained the smallest accurately quantifiable 
mRNA amount of interest. The calibrator allowed 
deteimination of the limit of assay quantification of 
each target, which corresponds to a Ct value of 38 for 
SHh, GUI, and POXM1. The normalized value of 
each target for each sample was divided by the cali- 
brator normalized value to give the final relative ex- 
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pression level (Fig 1). Consequently, each value cor- 
responds to a relative expression level for the 
corresponding transcripts 

Quantitative variables were compared using Stu- 
dent's t test, and correlation tests were made on 
GraphPad Prism software (GraphPad Software, San 
Diego, Calif). Results are expressed as mean ± SD, 
Statistical significance was P < .05. 

RESULTS 

In 38 of 44 patients (86%), SHh expression in T 
was increased compared with the NT. In the 6 
remaining patients, this level was comparable in T 
versus NT colon tissue samples (Fig 1, A). A large 
increase in SHh transcripts within neoplastic tissue 
was demonstrated when comparing the T versus 
NT tissues (Fig 1, A and B; P < .0001). In parallel, 
GUI expression was greater in tumor tissue than in 
its normal counterpart (6.18 ± 0.68 vs 3.61 ± 1.24, 
respectively, P < .0001). Within neoplastic tissue, 
GUI mRNA expression correlated quantitatively 
with expression of SHh transcripts (Fig 1, C; r = 
0.77, P < .0001). The level of expression of SHh, 
Gill, and FOXM1 transcripts were not associated 
with either tumor location, pTNM/UICC stage, tu- 
mor differentiation, tumor size, or tumor exten- 
sion. Because Gill activation seems to be highly 
dependent on SHh, we tested for downstream acti- 
vation of FOXM1 production; FOXM1 was found to 
be overexpressed in T versus NT sample tissues 
(7.37 ± 0.88 vs 3.93 ± 1.16; P < .0001). A strong 
correlation was found between expression of GUI 
and FOXM1 (Fig 1, D; r = 0.68, P < .0001) and 
between expression of SHh and FOXM1 (r = 0.79, 
P < .0001). After normalization using the normal 
tissue counterpart, the same correlations were ob- 
served (SHh vs GUI, r = 0.66, P < .0001; GUI vs 
FOXM1, r = 0.58, P< .005). 

To confirm these in vivo data, we performed 
additional in vitro experiments on the colon ade- 
nocarcinoma-derived HT-29 cells that display auto- 
crine Hh signaling (HT-29 cells). We analyzed the 
effect of either endogenous autocrine SHh produc- 
tion or exogenous SHh-Np on HT-29 cell prolifer- 
ation. As shown in Fig 2, A, cyclopamine decreased 
HT-29 cell proliferation compared with untreated 
controls (about 30% reduction 72 hours after ex- 
posure). Likewise, exogenous SHh-Np increased 
HT-29 cell proliferation (by 2-fold after 72-hour 
exposure to 0.50 ju,g/mL SHh-Np) . This pro-prolif- 
erative effect was abrogated almost completely 
when a specific anti-SHh antibody was added con- 
comitantly at day 0 to the culture medium. Expres- 
sion of Hh-dependent downstream transcription 
factors confirmed that HT-29 cells display both 



fully functional Hh receptors and a transduction 
system because SHh-Np induced GUI and FOXM1 
transcription in a nonlinear, dose-dependent man- 
ner (Fig 2, B). Similar results were found with 
CaCo2 colon cancer cell line (data not shown) . 

DISCUSSION 

Because normal stem cells and cancer cells share 
the ability to self-renew, it seems reasonable to 
propose that newly arising cancer cells may appro- 
priate the machinery for self-renewing cell division 
expressed normally in stem cells. Some signaling 
pathways, such as the Notch, Wnt, and Hh signaling 
pathways, that regulate stem cell renewal may also 
be involved in carcinogenesis. 10 Colon cancer may 
represent a malignancy arising from an epithelium 
progenitor cell that retains primitive features of 
differentiation that undergoes regulation via Hh 
signaling. 5,7 

Our results show a strong increase of SHh gene 
transcription in neoplastic tissue in patients with 
colorectal adenocarcinoma compared with normal 
tissue from each patient in 86% of patients. Within 
neoplastic tissue of colorectal cancer patients, SHh 
activation was associated with downstream activa- 
tion of GUI and FOXM1 transcription factors 
known to promote cell proliferation through in- 
duction of the cyclin genes induction. 9,15 We also 
showed that blocking endogenous synthesis of SHh 
decreased HT-29 cell proliferation, whereas activa- 
tion by the recombinant SHh-Np peptide induced 
GUI and FOXM1 expression and subsequent cell 
proliferation. These data provide evidence that not 
only the ligand SHh, but also its downstream tar- 
gets (GU and FOXM1), are overexpressed in hu- 
man colorectal cancer tissue and confirm very re- 
cent data that have shown that cell regulation by 
Hh signaling is altered in colonic neoplasia. 14,16, 
Berman et al 17 were the first to provide evidence 
for involvement of the Hh pathway in regulating 
normal or neoplastic tissues in the digestive tract. 
These investigators suggested that Hh functions as 
an autocrine inducer of cell proliferation. Never- 
theless, despite a strong expression of SHh and IHh 
in colonic tissues, the absence of PTCH, a variable 
GUI transcript expression, and a moderate effect 
of cyclopamine in a subset of colon cell lines have 
challenged the influence of the Hh pathway on 
colonic cell proliferation. More recently, Qual- 
trough et al 14 showed that cyclopamine, which in- 
hibits Hh signaling, induces apoptosis in human 
colonic cell cultures, and Oniscu et al 16 showed a 
dysregulation of the SHh pathway in archived, non- 
paired human tissue slides (neoplastic, adenomas, 
non-neoplastic tissue). These studies provide evi- 
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Fig 2. Effects of altering the Hh pathway in vitro in HT-29 cells. A, Effect of exogenous SHh-Np witliout or with anti-SHh 
antibody and exogenous cyclopamine on cell proliferation. B, Effect of exogenous SHh-Np on expression of GLi-1 and 
FOXMl. 



dence for the role of the Hh pathway in normal 
and neoplastic colonic tissue proliferation. Com- 
pared with these recent publications, our study 
provides confirmative evidence for SHh dysregula- 
tion in a prospective human study of neoplastic and 
adjacent non-neoplastic tissues paired for each pa- 
tient. 

The complex network of mechanisms governing 
the specific regulation of the Hh signaling cascade 



remains to be fully elucidated. Recently, SHh has 
been shown to be an important promoter of nor- 
mal colonic cell growth. Neverdieless, SHh overex- 
pression suggests that die Hh signaling padxway 
may play a central role in the pathogenesis of colon 
cancer and that maintenance of Hh signaling is 
important for colon cancer tumorigenesis. In addi- 
tion, SHh activation does not seem to be correlated 
with either pTNM/UICC stage, location of the neo- 
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plasm in the colon, or tumor size, which might 
support the concept that SHh dysregulation is an 
early event in colon cancer carcinogenesis already 
present in colonic polyps. 6 

To the best of our knowledge, our study is the 
first assessing comparative SHh expression and sig- 
naling in both normal and neoplastic tissue of hu- 
man patients with colorectal adenocarcinoma, con- 
firming the role of SHh suspected previously in 
animal and in vitro studies. A major challenge for 
the future will be to modulate Hh signaling as a 
potentially effective treatment for patients with 
colorectal adenocarcinoma containing Hh-induced 
aberrant signaling. Therefore, Hh blockade, may 
represent a new therapeutic approach to colorectal 
cancer in humans as promising as the one recently 
reported in mice. 17 

The authors thank Pierre Ratier for help in prepara- 
tion of this report and constant support. 
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